 Plates 8, 9] 
As is discussed below, resorcinol is one of a lim ited num ber of substances for which the denser polymorph is stable a t higher tem peratures. I t is also one of the limited num ber of substances for which the detailed structure has been worked out for both forms. The correlation of therm o dynamic properties w ith structure is thus of particular interest, and is dis cussed in the first p art of this paper. This discussion is followed by a descrip tion of experiments on the heat of transition between the two polymorphs, on the specific volume of liquid resorcinol, and on the relative stabilities of a-and /^-resorcinol in the compounds C6H 4(OH)2 and C6H 4(OD)2. Brief reference is also made to experiments on the polymorphism of pentaerythritol.
The relation between enantiotropy and structure in resorcinol
When two polymorphs can exist in therm odynam ic equilibrium , it becomes possible to correlate the statistical and m etrical factors which determine crystal structure. The most compact form ulation of the statistical factors is obtained by using the thermodynamic functions of the solid. By definition, the free energy Cx of a solid may be w ritten @i = Hi~ TSV where H1 is the heat content and $ 4 the entropy of the solid. The dependence of //, and Sx on the structure of two polymorphs can be inferred when these have a transition point. At absolute zero the crystalline structure w ith the lowest heat content (//j)0 will also have the lowest free energy, and will therefore be the stable form. Equilibrium w ith a second crystal structure of free energy 6'2 will only be possible a t a transition tem perature 6 such th a t <?2 -Gx = 0 = (tf2 -Hx) -d(S2 -SJ. (A) [ 136 i
One condition for enantiotropy is th a t 6 m ust lie below the melting-point of the form stable a t low tem peratures. Furtherm ore, above the transition point G1 > G2, s o th a t in the neighbourhood of this tem perature dGfdT > dG2/dT.
From the Gibbs-Helmholtz equation
Gl~H l = T % 1 Ĉ ombining this information, H2 > Hv i.e. heat m ust always be absorbed in passing into the polymorph stable a t higher tem peratures. From equation (A) it follows th a t 6 can only be positive, i.e. have a physical meaning if S2 is likewise greater than Sv
The condition H2> Hv S2> S1 can be satisfied by quite large differences of heat content between the two crystal structures, provided there is a corresponding increase in entropy. One molecular mechanism corre sponding w ith a polymorphism of this type can be readily visualized, viz. when the increase in heat content is due to a weakened binding and an expansion in volume of the crystal, and the increase in entropy is due to the consequent increase in therm al motion of the molecules, and in many cases to an increase in crystal symmetry. A typical example in a crystal which involves only van der Waals forces is the transition in solid long-chain paraffins (Garner, van Bibber & King 1931; other references are in Ubbelohde 19376) . In such cases the heat of transition is of the same order of magnitude of the heat of melting. A survey of the enantiotropic structures described by Groth (1906-19) suggests th a t even when forces other than van der Waals attractions contribute to the crystal structure, the m ajority of polymorphs a t ordinary pressures show the general behaviour described in this paragraph. Amongst the very limited number of exceptions is the change from hexagonal to cubic silver iodide a t 146°, and from grey to white tin a t 18°, both of which involve a contraction of volume with rise in tem perature. At higher pressures (P. W. Bridgman 1937) exceptions are more common.
From w hat is stated in P a rt I, and from the experimental details given below, it is clear th a t the behaviour of resorcinol likewise departs from the general rule. On changing to the high tem perature polymorph, there is (a) a contraction in volume (cf. fig. 1 ); (6) no change in crystal symmetry (Part I, p. 122); (c) a heat of transition which does not exceed 5 % of the heat of fusion (p. 145); (d) the tem perature factors for the intensities of reflexion (P art I, p. 132) show th a t there is no great increase in therm al m otion of the atom s in /^-resorcinol.
A comparison of the structure of the two forms can m ost readily be made by inspecting figs. 8 and 9 of the paper on a-resorcinol (R obertson 1936) and figs. 4, 5 and 6 of P a rt I (p. 134), and throw s considerable light on the change of structure w ith tem perature. The unusually open stru ctu re of a-resorcinol (cf. R obertson 1936, fig. 8 ) is ap p aren tly conditioned by two factors:
(1) The arrangem ent of hydroxyl bonds ab o u t the oxygen atom s a t approxim ately the tetrah ed ral angle. In a-resorcinol th e angle betw een the two hydroxyl bonds is 102° for one oxygen atom and 106° for th e other. (2) The rigidity of the resorcinol molecule, in which the six carbon atom s and the two oxygen atom s lie in one plane. Such an open structure will not as a rule have the minimum van der W aals energy, nor will the dipoles be surrounded by the m axim um am ount of polarizable m aterial, b u t the contribution of these energy factors to the lattice structure is outweighed by the energy contribution made by the hydroxyl bonds. (P a c in g p . 138) As the tem perature is raised, either of the factors (1) or (2) m ay be upset. F o r exam ple, in the case of H 20 the open stru ctu re m aintained by the hydroxyl bonds in ice I changes to a more com pact arrangem ent of molecules when these bonds are broken by m elting, i.e. when factor (1) ceases to be operative. Inspection of the structure of /?-resorcinol shows th a t the minimum distance of approach betw een two oxygen atom s has increased, b u t only from 2-66 to 2*70 A. Furtherm ore, the angle betw een the two hydroxyl bonds has been considerably distorted, and is now 97° for one oxygen atom and 123° for the other. The hydroxyl bonds in the high-tem perature poly m orph are thus both stretched and distorted, b u t do n o t disappear. The structures suggest th a t the reason for the tran sitio n is connected w ith a breakdow n of the planar resorcinol molecule, i.e. w ith factor (2). Details of the deform ation which this molecule undergoes in /^-resorcinol are given in P a rt I (p. 129). The experim ental evidence is against the assum ption th a t this decrease in rigidity of resorcinol is due to a large increase in therm al m otion of the atom s. Rise in tem perature m ay change the resorcinol molecule into an excited structure w ith slightly higher energy. Two stru c tures which m ay be considered in this connexion a re : (1) A stabilization of one of the Kekule forms, w ith consequent departure from the hexagon valency angle (cf. fig. 2 ). The direction of the distortion agrees w ith th a t observed in /^-resorcinol (cf. fig. 3 , P a rt I), b u t the assum p tion of such a structural change would not account for the fact th a t the oxygen atom is pulled out of the plane of the ring.
(2) A change of resorcinol into a keto form is suggested by the sub stitution experim ents of Munzberg (1936), b u t a consideration of fig. 3 makes it clear th a t this assum ption would not account for the fact th a t the C-O distances are practically unchanged in /?-resorcinol, and th a t the hydroxyl bonds are somewhat longer. Although neither of these structures for the distorted resorcinol molecules is in complete accord w ith experiment, it seems desirable to mention them in order to emphasize th a t an organic molecule, with a num ber of possible arrangem ents of valency bonds of practically the same energy, m ay pass from the ground structure into one of the excited structures if the resulting crystal has a lower free energy. Such a behaviour would be analogous to the Mills-Nixon effect of neigh bouring groups on the benzene nucleus.
The small heat of transition between the polymorphs m ight be ascribed to the fact th a t (using the acquisitive convention for signs) the lower van der Waals and polarization energy of the denser crystals compensates almost completely for the higher strain energy of the bonds. These sources of crystal energy could in principle be calculated by summing the m utual potential energy of all the atoms, b ut it is found th a t the sum m ation series converge too slowly to make such a calculation a t all inform ative. I t is, however, significant th a t the roughly parallel arrangem ent of molecules in /9-resor cinol closely resembles th a t of m any hydrocarbons, in which the structure is determined solely by van der W aals forces. A further point of interest is th a t the deformation of the hydroxyl bonds which takes place when ice I changes into the denser ice I I I (cf. W. H. Bragg 1938) likewise involves only a small heat of transition (0-17 kcal./mol.), presum ably because the strain energy is again nearly compensated by increased van der W aals and polarization effects in the denser structure.
The conclusion from this discussion is th a t the anomalous change of structure with rise in tem perature shown by resorcinol is due to the unusually open structure of the low-tem perature form, which results from the orienting influence of hydroxyl bonds on rigid resorcinol molecules. As the tem pera ture is raised this rigidity breaks down, and since the deformation of hydroxyl bonds apparently takes place w ithout much increase in energy, the molecules rearrange into a structure resembling m any hydrocarbons, so as to achieve a lower van der Waals and polarization potential.
Experiments on the thermodynamic properties of resorcinol

Preparation of a-and
In view of the complete determ ination of structure of a-resorcinol (Robertson 1936) , this compound was included in a series of investigations on the isotope effect in solids (Ubbelohde 1936 (Ubbelohde , 1937c Robertson and Ubbelohde 1937) . The effect of substitution of hydrogen by deuterium on the lattice spacing is small, and will not be discussed in the present paper. The effect on certain other properties of the crystal is, however, rather striking. For example, when a compound with the approxim ate composition C6H 4(OD)2 is crystallized from boiling benzene, the bulk of the crystals belong to a new form, which has been term ed /?-resorcinol.
Crystals of ^-resorcinol obtained in this way from the deuterium com pound are, however, poor and feathery, and unsuitable for accurate deter minations of the structure. Repeated attem pts to obtain this form by crystallizing C6H 4(OH)2 from boiling benzene were unsuccessful, bu t the possibility th a t it was identical with the high-tem perature polymorph (H. Lautz 1913) suggested an application of Ostwald's rule of successive states (cf. Ubbelohde 1937 a). By evaporating a dilute solution of resorcinol in benzene a t ordinary tem peratures, the bulk of the spontaneously formed crystallization nuclei were in fact found to grow into crystals of the new form. In order to avoid the presence of air-borne nuclei of a-resorcinol, and also in order to avoid traces of water, the current of air used in evaporating the benzene solution was filtered through glass-wool cooled in liquid air (cf. Ubbelohde 1933). Crystals of ^-resorcinol prepared in this way were used in the bulk of the X -ray measurements described in P a rt I.
A second method of preparing /?-resorcinol, by sublimation in vacuo, brings out a further striking difference between C6H 4(OH)2 and C6H 4(OD)2. Using a vacuum of about ^ mm. and a sublimation path of about 3 cm., C6H 4(OH)2 gives about equal numbers of long a-crystals and of /7-crystals in the shape of large irregular plates (cf. fig. 4, Plate 8 ). Under the same conditions of sublimation C6H 4(OD)2 gives almost exclusively a-crystals. /^-crystals are only obtained a t much higher pressures, when the sublimed crystals are deposited in regions of comparatively high tem perature.
The origin of these differences between C6H 4(OH)2 and C6H 4(OD)2 is discussed below.
Transition between cl-and /?-resorcinol
The identity of /7-resorcinol with the high-temperature polymorph described by Lautz (1913) was established by taking X -ray powder photo graphs of ground-up /7-crystals, and comparing these with photographs of powdered a-resorcinol, and with the high-temperature polymorph prepared as is described below (p. 145). In order to investigate the origin of the differences between C6H 4(OH)2 and C6H 4(OD)2 dideutero resorcinol was prepared by dissolving 10 g. resorcinol (B .D .H .A .R .)in 8-5 g. of 99*6 % D20 , standing 1 hr., evaporating the D20 in vacuo, and repeating the process with three fresh samples of 4 g. D20 . The final purification was carried out by sublimation in vacuo. Microcombustions of about 3 mg. of the product were made by D r Weiler, and showed a carbon content of 63-87 + 0■ 05 °0. This compares w ith the theoretical values of 65-45 % for C6H 4(OH2), 64-26 % for C6H 4(OD)2, and 62-07 % for C6D4(OD)2, and suggests in agree m ent w ith Munzberg (1936) th a t in addition to th e rapid replacem ent of hydrogen in the hydroxyl groups, substitution in the nucleus has taken place by a much slower process.
The m elting-point of resublimed A.R. resorcinol was 109-110°. W hen long single a-crystals were placed in the m elting-point tu b e th e breaking up of the crystals on changing to /9-resorcinol was clearly visible below th e m elting-point. The deuterium com pound appears to m elt a t a slightly lower tem perature, b u t the difference is w ithin experim ental error. The transition into the denser polym orph was determ ined by a m ethod similar to th a t used by Lautz. A bout 5 g. of resublim ed resorcinol was weighed into a special pyknom eter, and covered w ith xylol (previously shaken w ith strong sulphuric acid, distilled and dried over solid K O H ), taking care to avoid air bubbles by repeatedly evacuating the apparatus. A com parison pyknom eter was filled w ith crystals of C6H 4(OD)2 prepared by sublim ation under similar conditions.
Although the volume contraction on changing from a-to /9-resorcinol is as much as 0-100 c.c./4 g., the hysteresis observed for b o th C6H 4(OH)2 and C6H 4(OD)2 made it difficult to determ ine the tru e equilibrium tem perature between the polymorphs. The results of a large num ber of experim ents can be summed up by the statem ent th a t for C6H 4(OH)2 no transition into th e denser polym orph was ever observed below 74-2° C., even when th e crystals were nucleated by heating for a short tim e up to 85° C. to in itiate the change. For C6H 4(OD)2 the corresponding tem perature was 76-0° C. The change from one polym orph into the other was always more rapid for the deuterium compound; for example, on storing the /9-crystals under xylol for 12 hr. a t 20° C., complete reversion to the a form was observed for C6H 4(OD)2 and only a small change for C6H 4(OH)2. Large single crystals of /9-C6H 4(OH)2 show the same transition even more slowly. Figs. 5, 6, 7, P late 9 show a series of rotation photographs of such a crystal tak en a t intervals of 14, 25, and 48 days after its preparation. I t will be noticed th a t in addition to the spots due to the single /9-crystal, powder streaks corresponding w ith crystallites of a-resorcinol gradually appear. The fact th a t these streaks do not form complete rings indicates th a t these crystallites are formed preferentially in certain directions, w ith respect to the original /9-crystal. U nder the same conditions of observation an a-crystal shows no change a t ordinary te m peratures.
These results suggest th a t the differences in behaviour between C6H 4(OD)2 and C6H 4(OH)2 are due to the fact th a t the deuterium compound adjusts itself more rapidly to the equilibrium conditions prevailing a t the moment of crystal formation, so th a t the rule of successive states holds for C6H 4(OH)2 whereas for C6H 4(OD)2 the most stable modification is obtained.
The heat of transition from a-to /3-resorcinol
Measurements of the specific heat of resorcinol (Andrews, Lynn and Johnston 1926) apparently show no anomaly in the specific heat in the neighbourhood of the transition point. From this it could be inferred th a t the heat of transition is small compared with experim ental error. The heat of transition from a-to /7-resorcinol might, however, have been missed in the above measurements, on account of the hysteresis, so th a t an independent estim ate of the heat of transition was obtained from a comparison of the heats of solution of a-and /?-resorcinol in water.
A simple calorimeter which was quite satisfactory for this purpose was made from a 500 c.c. thermos flask, selected for its good heat insulation. This was filled with about 200 c.c. of distilled water, and the neck was fitted with apertures for inserting a stirrer, a calibrated constantan heating coil of about 37 ohms, a wide tube for the rapid addition of weighed am ounts of resorcinol, and a thermometer. The tem perature could be estim ated to l/100th of a degree with a reading microscope. The heat capacity of the system was measured before and after each addition of resorcinol by passing a current, measured with a calibrated ammeter, for a measured time through the heating coil. Tem perature equilibrium was very rapid, and since the heat of solution of resorcinol is positive (see below) it was possible to m ain tain the contents of the calorimeter approxim ately a t room tem perature, by balancing this heat of solution with the electrical heat input. In this way the correction for tem perature drift which has to be considered in all calorimetric experiments (cf. Eucken 1929) was negligible in practically all cases.
Using the acquisitive convention for signs, the heat quantities measured in these experiments are the heats of solution Q± and Q2, where X Q 1 = -(heat content of X g. a-resorcinol at 0° C.) -(heat content of water a t 18° C.) + (heat content of solution at 18° C.), and Q2 is the corresponding quantity for /7-resorcinol. Qx and Q2 were found to show only a slight drift with increasing concentration, up to 4 % by weight of resorcinol, so th a t the average heat of solution per g. was calulated irrespective of concen tration.
The experimental results may be described by giving an extract from a typical series of observations, together w ith the average values of Qx The average of seven complete experiments on resorcinol gave a value Qx = + 37*5 ± 0*5 cal./g., and on /^-resorcinol Q2 = + 35*5 ± 0*4 cal./g.
The average value of Q2 -Q1 for all the experiments was Q2 -Qi --2-0 ± 0-25 cal./g. = -220 ± 28 cal./mol. This difference is equal to the difference in heat contents of the a and /? forms a t 0° C. Since there is no large difference between the specific heats of chemically similar solids (Andrews and others 1926) the heat change a t the transition point will be about the same, i.e. AH(oc->fi) = 220 ± 28 cal./mol.
In this result the random errors are as given. The chief systematic errors would arise from a heating up of the powdered resorcinol during transfer from a bath at 0° C. to the calorimeter, and from the fact th a t the powders used may not have contained exclusively a-and /^-crystals respectively. The first source of error would tend to cancel in the difference Q2 -Qx since the conditions were kept closely similar. The source of resorcinol was a finely crystalline sample (B.D.H. A.R.) . A powder of /^-crystals was obtained by heating this sample to 100° C. for 1 hr., and rapidly plunging intp ice water, and was kept a t 0° C. till introduced into the calorimeter. The change in texture of the powder as a result of this treatm en t is readily observed. No evidence of the alternative form could be observed in either of these samples by X -ray powder photographs, even after the /? sample had been stored for 24 hr. a t 20° C.
This m ethod of analysis would however fail to detect 10 % of the alter native form in the samples used. In order to give a margin for systematic errors, the heat of transition should be taken as AH(oc-+fi) = 220 + 50 cal./mol. a t 0° C.
Since the heat of fusion is 5090 cal./mol. (Andrews and others 1926) , the heat of transition does not exceed 5 % of the heat of fusion; this probably explains why it has been missed in specific heat measurements.
The specific volume of liquid resorcinol
As is discussed above, the molecules in a-resorcinol are arranged in an unusually open structure. The analogy of ice suggests th a t such a structure might melt to a more compact liquid. I t is not possible to make direct observations of the volume change on melting a-resorcinol, but some information is available from measurements on the supercooled liquid. By using a calibrated pyknom eter carefully protected from dust etc., it was possible to measure the specific volume of liquid resorcinol some 60° below the melting-point and 16° below the transition point. These specific volumes are given in the diagram (fig. 1 ), together with the values for crystals of aand /^-resorcinol at 20° C., as calculated from X -ray measurements. Although the curve for the supercooled liquid could not be prolonged down to this tem perature, it shows quite clearly th a t there is only a small expansion in changing from the arrangem ent of molecules in a-resorcinol to the arrange m ent in the liquid.
The transition in pentaerythritol
A preliminary investigation of the transition from a tetragonal to a cubic structure in pentaerythritol (Ebert 1931) was made in order to verify whether the large number of hydroxyl bonds in the low-temperature poly morph might lead to an anomaly similar to th a t of resorcinol. The transition however appears to be of the normal kind. The heat of transition is large compared w ith the heat of fusion (E bert 1931). The volume change was measured in a pyknometer, using a high-boiling paraffin as indicator liquid. Great difficulty was experienced in freeing the crystals from traces of air, and especially from traces of water. Even w ith crystals dried a t 150° in air, bubbles of steam are evolved in the pyknom eter near the transition point. These bubbles appear to be resorbed by the pentaerythritol when it passes into the cubic structure a t 180° C., and are not reevolved till 210°. In con sequence, there is a contraction in volume on passing through the transition point. If the pyknom eter and contents are, however, first evacuated for several hours a t 210° C. till practically no more H 20 is evolved, and cooling curves are then plotted of volume against tem perature, there is a more rapid decrease in volume when the tetragonal crystals begin to appear. This point (about 176° C.) can be readily observed by the change from translucent to opaque crystals in the pyknom eter. The conclusion from these prelim inary experiments is th a t pentaerythritol shows the norm al volume and heat changes on transition. The molecule is of course much less rigid th an H 20 or C6H 4(OH)2 so th a t this result m ight have been expected.
[Note added in proof. This conclusion is confirmed by the X -ray in vestigation of N itta and W atanabe (1938) .]
In conclusion, we wish to thank Sir William Bragg, O.M., P.R .S., and the Managers of the Royal Institution for their interest in this work. We are also indebted to Miss W oodward for assistance in preparing the diagrams.
Summary
The anomalous tem perature relationship between the polymorphs of resorcinol is discussed in the light of the crystal structures. The open a-structure is m aintained by hydroxyl bonds orienting the rigid resorcinol molecules. Transition to the denser /^-structure, which resembles th a t of many hydro carbons, is associated w ith a distortion of the hydroxyl bonds, and a defor m ation of the resorcinol molecule which may involve a Mills-Nixon effect.
Experim ents are described on the preparation of a-and /?-resorcinol, on the transition between the two forms, and on the heat of transition. The transition point of C6H 4(OH)2 is about 2° lower than th a t of C6H 4(OD)2, and the change from one form to the other is considerably more rapid in the deuterium compound. The heat of transition from a-to ^-resorcinol is 220 + 50 cal./mol. Experim ents on the volume change from (supercooled) liquid resorcinol to either crystal structure show th a t there is only a small D escription of plates P late 8 F ig . 4. I t will be seen from the crystals photographed that two a-crystals are frequently found joined at a definite angle, and that crystals of /^-resorcinol can apparently grow out o f crystals o f a-resorcinol, presumably because in either case the tw o crystals have approxim ately the same arrangement of molecules at the plane o f contact. P late 9 F ig s . 5 -7 . R otation X -ray photographs of a crystal of /? resorcinol gradually reverting to a resorcinol, showing the preferential orientation of the a crystallites.
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